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in Lonely Fungi
The genome of the fungus Aspergillus nidulans encodes both of the
mating-type regulators of sexuality, thus allowing self-fertility.
Pheromone signaling genes are induced during sexual development, as
found in outcrossing species, but, surprisingly, the regulators do not
control expression of these genes.J.W. Kronstad
Sex is inherently complicated,
fascinating and mysterious. Fungi
illustrate the full range of sexual
lifestyles, with some species
displaying typical mating between
opposite sexes (outcrossing or
heterothallism), while others
demonstrate more exotic
behaviors, including self-fertility
(homothallism), parasexual or
mitotic sex, or the presence of
multiple sexes (sometimes
thousands!). These topics are
covered in a new book from ASM
Press: Sex in Fungi: Molecular
Determination and Evolutionary
Implications [1], which is timely
because the rapidly accumulating
fungal genome sequences have
triggered a renaissance in the
analysis of the sexual lifestyles of
fungi. Nowhere is this better
illustrated than in filamentous
ascomycete species of the genus
Aspergillus, with a flurry of recent
revelations concerning the
organization of the master
regulatory genes for mating (MAT
genes), as well as the signaling
components such as pheromones,
receptors, heterotrimeric G
proteins, protein kinases and
transcription factors that control
mate recognition and sexual
development. A study by Paoletti
et al. [2], reported recently inCurrent Biology, provides an
excellent example of the kind of
discoveries enabled by the
genome sequence information.
Paoletti et al. [2] focused on
Aspergillus nidulans, a species that
has all of the options for sexuality,
including mating between distinct
haploid strains to allow
outcrossing, self-fertility in
individuals, and parasexual
behavior that results in the
formation of diploids or
heterokaryons (strains with two
genetically distinct nuclei). These
features and a well-developed
suite of techniques for genetic
analysis make A. nidulans an
exceptional model for studying
fungal biology [3,4]. The
determination of the A. nidulans
genome sequence [5], and the
analysis performed by Paoletti
et al. [2], has revealed that the
genome contains both of the MAT
sequences encoding the regulatory
proteins known to control partner
recognition in outcrossing species
of filamentous fungi [6]. These
proteins are the alpha-box domain
protein and the high mobility group
(HMG) domain protein that were
originally identified in Neurospora
crassa [6], where they are encoded
at the same genomic location, the
MAT locus. In N. crassa and other
outcrossing species, each mating
partner carries distinct MATsequences that encode either the
alpha or the HMG protein, and
these proteins specify sexual
identity and control the mating
events leading to partner fusion.
The presence of both functions in
the same genome in A. nidulans
allows the nuclei in one individual
to fuse and initiate the meiotic
pathway, thus resulting in
self-fertility. These observations
explain why a colony arising from
a single uninucleate spore can
respond to appropriate
environmental signals to form the
specialized nest-like structures
called cleistothecia (also called
fruit bodies) in which the sexual
ascospores are produced
(Figure 1). Importantly, Paoletti
et al. [2] have now demonstrated
that the MAT sequences are
functionally required for fertility,
because they found that deletion
of the MAT genes resulted in
diminished production of
cleistothecia and the absence
of ascospores.
The presence of both regulatory
genes in the genome of A. nidulans
can be considered in the broader
context ofmechanisms of fertility in
the genusAspergillus. About half of
the 184 species in the genus are
known to have sex and, with a very
few exceptions (four to be exact),
most of these display self-fertility
[7]. The remaining species are
thought to lack the capacity for
sex although, intriguingly,
genome-sequencing projects
revealed that some of these fungi
do have MAT sequences [5,7–9].
For example, the sequenced
genome of A. oryzae (a species
used in the production of soy sauce
and miso) contains the gene for the
alpha protein, and a survey of other
isolates identified some with the
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R844Figure 1. Sexual structures and spores in A. nidulans.
Nest-like fruiting bodies called cleistothecia (A) are constructed from hyphal cells and
have associated globular Hu¨lle cells that are thought to nurse the developing structure.
Each cleistothecium may contain up to 100,000 ascospores (B) and these generally are
the progeny of a single ascogenous hypha. Mature cleistothecia are typically 170 to
200 mM in diameter and ascospores are w5 mM in diameter. Photographs courtesy
of Reinhard Fischer (University of Karlsruhe).gene for the HMG protein [5,7].
Similarly, the genome sequence of
a strain of A. fumigatus (a common
pathogen of immunocompromised
people) revealed the gene for the
HMG protein, and a screen
identified other isolates that
contain the gene for the alpha
protein [5,7–9]. Thus, the
organization of MAT sequences in
these fungi differs from the
situation in A. nidulans and these
so-called asexual species may
actually have the potential for
outcrossing. The challenge now is
to identify the genetic basis of
asexuality in these species.
The comparison of the genomic
organizations of the MAT loci in
different Aspergilli led Galagan
et al. [5] to hypothesize that
self-fertility was the ancestral state,
based on evidence of gene loss at
the MAT loci of A. fumigatus and
A. oryzae and because outcrossing
Aspergillus species are rare. It was
proposed that the ancestral
homothallic species carried both of
the genes for the alpha and HMG
proteins at the same locus.
However, Dyer [7] argued that
because the organization of the
MAT loci of A. fumigatus and
A. oryzae is similar to that of
outcrossing species, it is possible
that heterothallism is more
prevalent in the genus than
previously thought. Furthermore,
the observed mechanism of
self-fertility for A. nidulans —
involving unlinked MAT loci in the
same genome — is different thanthe proposed linkage of the genes
for the alpha and HMG proteins in
the hypothesized ancestral
species. The analysis of MAT
sequence organization in
additional species may help to
resolve whether self-fertility or
outcrossing was the ancestral
mating preference.
The MAT gene products in
outcrossing species are known to
regulate signaling components
necessary for partner recognition
and sexual development.
Candidate genes for these
processes have been identified in
A. nidulans through genetic studies
and by mining the genome
sequence for expected functions
based on the well-characterized
pheromone-response pathway
in the budding yeast
Saccharomyces cerevisiae [5,7,10].
The A. nidulans components are
being identified and functionally
tested in several laboratories and
combined genomic and genetic
approaches are revealing novel
functions and connections
[2,11–18] (reviewed in [7]). For
example, the phytochrome FphA
was recently identified as
an environmental sensor that
negatively regulates sexual
development in response to red
light [19]. Busch et al. [20] recently
characterized the subunits of the
COP9 signalosome and showed
that defects in this complex, which
controls ubiquitin–dependent
protein turnover, block
cleistothecium formation.In the context of these and other
emerging details about signaling
functions and sexual development,
Paoletti et al. [2] made the
remarkable discovery that theMAT
genes were not needed for the
expression of certain components
of the pheromone-signaling
pathway. The conditions for
cleistothecium and ascospore
formation (for example, restricted
air exchange and low light) were
found to trigger expression of the
MAT genes and all of the identified
genes in the pheromone-response
pathway. But the surprise was that
deletion or overexpression of the
genes for the alpha and HMG
proteins did not generally influence
expression of the pheromone
response genes, in contrast to
the situation in outcrossing species
[7]. Paoletti et al. [2] therefore
suggest that MAT gene products
might be required mainly at later
stages of sexual development,
rather than for the control of
pheromone signaling for mate
recognition as commonly seen in
outcrossing species. This
difference could represent
a specific adaptation for
self-fertility and a key future task
will be to analyze the location of
expression of pheromone signaling
functions in the context of
developing sexual structures. This
would help clarify the role of
pheromone signaling in fungi like
A. nidulans that are capable of
going it alone sexually.
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Cooperative breeding is
a reproductive system in which
more than a pair of individuals raise
young from a single nest or brood.
This definition encompasses
diverse social and mating systems,
including breeding pairs with
helpers and various forms of
cooperative polygamy [1].
Cooperative behaviour of this kind
is rare, occurring in a small
percentage of all bird species, but
the paradox of cooperative
behaviour from a neo-Darwinian
gene-centric perspective has
attracted the attention of
evolutionary biologists over several
decades [2].
Cooperative breeding usually
occurs among relatives and kin
selection is often invoked as
playing a key role in its evolution.
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indirect fitness benefits are
substantial, but in others it is clear
that immediate or future direct
benefits to personal reproduction
also represent an important source
of fitness for helpers [3]. These
direct and indirect fitness benefits
have been measured in many
long-term studies of cooperatively
breeding birds [2,3], although the
relative importance of direct and
indirect fitness gains in the
evolution and maintenance of
cooperative breeding remains
controversial [4].
The other major debate in the
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helpers to delay independent
reproduction. Some authors have
suggested that deferred
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adaptive life history decisions that
maximize individual fitness [5], but
in most species it seems that the
fitness gained from helping does
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independently [6]. If this is so, then
it is necessary to invoke some
constraint, such as a shortage of
breeding territories or mates,
which prevents some individuals
from breeding independently.
These constrained individuals are
forced to delay dispersal, thereby
forming extended families or
groups in which helping behaviour
may evolve. Therefore, because
the potential fitness benefits of
cooperation are fairly well
understood, the key to
understanding the evolution of
cooperative breeding lies in
understanding why groups of
potential cooperators, usually
extended families, form in the
first place.
This conceptual framework is
formalized in the ecological
constraints hypothesis, which has
been the dominant paradigm for
research on the evolution of
cooperative breeding systems for
the past 25 years [7]. A persistent
problem, however, has been the
difficulty of identifying the
ecological conditions that can
explain why cooperative breeding
has evolved in some species but
not others. A new comparative
analysis by Rubenstein and
Lovette [8], reported recently in
Current Biology, tackled this
